A two-step, surfactant-free solution growth process was utilized to synthesize p-type Ag doped SnSe nanocrystals in gram quantities. The formation mechanism of SnSe nanocrystals was studied by high resolution transmission electron microscopy, and it was shown that the main surface and edge facets are {100} and {011} respectively. A clear phase transition near 800 K was discovered in the temperature dependence of thermal conductivity. The thermoelectric properties of SnSe pellets prepared by spark plasma sintering exhibit a significant increase of zT max (0.8 at 850 K) in the 3% Ag doped SnSe. The zT max value is about 40% higher than that of the pristine SnSe. The consequence is mainly attributed to the enhancement of carrier concentration and power factor by Ag doping. Our results demonstrate that this facile chemical method is amenable to fabricate high quality SnSe nanocrystals and might also be applied to other anisotropic crystalline materials.
Introduction
Thermoelectric (TE) materials are an important topic in the research community due to their promising applications in waste heat recycling and device cooling. 1 The energy conversion efficiency is governed by the gure of merit (zT) of materials dened as zT ¼ (sS 2 /k)T, where s, S, k, and T are electrical conductivity, Seebeck coefficient, thermal conductivity, and absolute temperature, respectively. 2 Except for a superior Seebeck coefficient, a good TE material also requires excellent electrical transport properties and low thermal conductivity. In recent decades, a lot of strategies have been developed and applied to the existing state-of-the-art materials, [3] [4] [5] and newly discovered materials 6, 7 for further improving their zT.
A recent discrepancy on the intrinsic thermal conductivity of single crystalline SnSe between P. C. Wei et al. 8 and L. D. Zhao et al. 6 has attracted intense attention on this ultralow thermal conductivity compound. If the thermal conductivity is intrinsically 0.8 W m À1 K À1 veried by P. C. Wei et al., then the zT ¼ 2.6
reported by L. D. Zhao et al. should be modied down to $1. So far more and more reports have begun to discuss the possible origins of these contradicting points.
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The stoichiometric SnSe is a semiconducting material with very low defect concentration and high resistivity. Appropriate element doping to SnSe can enhance its power factor and reduce its thermal conductivity with alloying effect. To date, doping effects on SnSe have been intensively investigated, and several dopants such as Ag, 12 Na 13-15 K, 16 Ge, [17] [18] [19] Cl, 20 Te, 21 Pb
22
and S 23 have been done. Na doping really improves the power factor of single crystalline SnSe, and reaches a higher zT for a broad temperatures.
Usually, most SnSe based samples with high zT are single crystalline, which usually needs more time and energy consumption in fabrication process. Here we report a much facile, bottom-up and surfactant-free chemical synthesis to prepare mass production of SnSe nanocrystals followed by spark plasma sintering process (SPS) to fabricate composited bulk of pristine and Ag doped SnSe. The growth mechanism and TE properties of these materials will be discussed. Aer extensively screen previous literatures of element doped SnSe samples that were chemically synthesized, 24, 25 We decide to grow SnSe nanocrystals with and without Ag dopants, which should have superior TE properties as that of single crystal of L. D. Zhao et al. 6 In the work we did further improve the electrical conductivity and power factor of SnSe and achieve a 40% enhancement of zT (0.8 at 850 K) with 3% Ag doping as compared with the pristine SnSe. The results demonstrate that chemical method together with SPS technique can offer a rapid and large-scale synthesis route to fabricate high quality SnSe nanocrystals and their bulk composites.
Experimental
(Ag x Sn 1Àx )Se nanocrystals (x ¼ 0, 0.01, 0.03 and 0.05) were synthesized by a facile surfactant-free synthesis method (Fig. 1 The powders were further pressed into bulks using spark plasma sintering (SPS-515S, SPS Syntex Inc.) at 500 K, 50 MPa under vacuum for 5 min to become a dense pellet of 12.7 mm in diameter and 12 mm in height. The size is large enough to be cut into small ingots for thermal and electrical transport measurements in the same direction. The relative density of all samples is higher than 90% of the theoretical value (6.18 g cm À3 ) (see ESI Table S1 †). The Seebeck coefficient and electrical conductivity were carried out by a commercial system (ZEM-3, ULVAC-RIKO). The thermal conductivity was calculated from the relationship: k ¼ lrC p , where r, C p , and l are mass density, specic heat, and thermal diffusivity respectively. Mass density was measured by the Archimedes method. Specic heat and thermogravimetry were measured by a differential scanning calorimeter (DSC-STA-449, NETZSCH), and the thermal diffusivity was measured by a laser ash apparatus (LFA-457, NETZSCH). The Hall measurements were performed in a magnetic eld up to AE2 T using a Physical Property Measurement System (PPMS, Quantum Design). The carrier concentration for the samples is calculated by n H ¼ 1/|e|R H , where R H is the Hall coefficient. The carrier mobility is subsequently calculated from the relationship between electrical conductivity and carrier concentration, m H ¼ s/n H |e|. All presented data were measured along the same direction. The uncertainty of each electrical resistivity, Seebeck coefficient, and thermal conductivity measurements was estimated to be approximately 5%, which leads to a total experimental uncertainty of zT of approximately 20%.
Results and discussion

Growth mechanism of SnSe nanocrystals and the structure characterizations
A synthesis yield > 10 g of (Ag x Sn 1Àx )Se (0 # x # 0.05) nanocrystals were synthesized with SnCl 2 , SeO 2 and AgNO 3 are Sn, Se and Ag sources respectively (Fig. 1 ). In the synthesis process, the morphology of nanocrystals is highly dependent on the surface energy (3). The surface energy of an atomic plane can be expressed as:
where N is the number of dangling bonds on the surface, DH is the bond formation energy, S a is the surface area, and N A is the Avogadro's number. According to the Bravais law, the atomic plane with higher 3 usually has a higher growth rate than other planes. Only the slower ones will ultimately appear in the nal crystal structure. In Fig. 1b , a growth model was proposed to show that Sn and Se atoms bond together at the initial stage, the formed small nanoplate possessing three edge planes for growing (phase 0 to I). Considering the number of dangling bonds and surface area, {001} planes have the highest surface energy among {001}, {010}, and {011} planes. {001} planes will be diminished rstly, and then {010} planes gradually form the intermediate structure (phase II). Because {011} planes have the lowest surface energy among the three atomic planes, a rectangular-like nanocrystal with {011} exposed edge facets appears in the nal morphology (phase III). Fig. 2a shows the highresolution TEM images for an intermediate single crystalline SnSe nanocrystal that was grown aer 9 h aging at 413 K. The four front facets (0 10) (0 11) (001) and (011) were determined from the lattice fringes (Fig. 2b) and SAED (Fig. 2c) , respectively. The inter-planar spacing of {011} is $0.3 nm and the angle between (0 11) and (011), (0 10) and (0 11) are 86 and 137 , respectively. The results t well with the Pnma phase of SnSe.
Aer 15 h, the reaction is almost completed and the growth of nanocrystals are terminated. Fig. 2d and f show that the nal exposed edge facets of nanocrystals are {011} planes, and intersection angles between them are 86 and 94 . Furthermore, the compositions and the distributions of elements of SnSe and (Ag 0.03 Sn 0.97 )Se were analyzed using a scanning transmission electron microscope (STEM) (Fig. 3) , conrming the homogeneous distribution of elements in specimen. We also performed the electron energy-loss spectroscopy (EELS) to substantiate the chemical form of SnSe. The results are presented in Fig. S1 . † It can be seen that the peaks at 487 and 495 eV in the electron energy-loss spectrum correspond to the 3d 5/2 and 3d 3/2 peaks of Sn, respectively. The result demonstrates the presence of (+2) valence state of Sn in the nanocrystal. Moreover, the peak at 56 eV corresponds to the superposition of the 3d 5/2 and 3d 3/2 peaks for Se. These binding energy of 3d electronic states clearly verify the stoichiometry of SnSe. Furthermore, the scanning electron micrographs of fractured surfaces of a series of samples were investigated. The grains show platelet-like structures with a tendency to align and stack together, this results in a remarkably anisotropy in thermal and electrical transport properties. The average grain size of these samples is approximately 0.5-2 mm. The scanning electron microscopy images are presented in ESI Fig. S2 . † The structure of (Ag x Sn 1Àx )Se nanocrystals were also examined using X-ray diffraction. All diffraction peaks are indexed to the low-temperature SnSe phase (PDF #00-014-0159) with an orthorhombic structure (Fig. 4a) , and no impurity phases are observed within the detection limit. Additionally, the temperature dependence of structural evolution of pristine SnSe nanocrystals was investigated in situ (Fig. 4b ). An obvious shi of characteristic peaks was observed as temperature increased, and this phenomenon was related to the process of phase transition from Pnma to Cmcm. 6 Meanwhile, the dynamic structural behaviour of SnSe nanocrystals was also examined at thermal cycling by monitoring the XRD characteristic peaks of Pnma phase. In Fig. 4c , the evolution of these peaks are reversible in thermal cycle, conrming the second order phase transition. 27 The lattice parameters determined from XRD are also plotted as a function of temperature (Fig. 4d) . The lattice parameter a and b increase gradually with measured temperature, whereas the lattice parameter c reveals an opposite trend, revealing that the lattices shrink in c axis but extend in the ab plane. 8, 28 Finally, the cell volume linearly increases with the temperature, indicating a regular thermal expansion of the nanocrystals.
Thermoelectric properties
The thermoelectric properties of all (Ag x Sn 1Àx )Se (0 # x # 0.05) nanoplatelet composites were measured by heating and cooling between 300 to 850 K (Fig. 5) . Since the anisotropic character is also reected on the thermoelectric properties, two different measured directions were examined. For clarity in the following discussions only results measured along the direction perpendicular to the SPS pressing directions are shown. Fig. 5a shows the temperature dependence of electrical conductivity, revealing the value increase signicantly with Ag contents. With increasing temperature, the electrical conductivity rst increased and reached a maximum value near 500 K, then decreased up to 670 K, and increased again. Interestingly, this unique electrical transport behavior is quite similar to that observed in Ag doped PbTe, SnS, and PbS nanocomposites, [29] [30] [31] [32] which were conrmed as a combination of grain-boundary potential barrier scattering and phonon scattering processes. The possible reason may be related to the chemisorption or precipitates on the surface of grains, which would form energy barriers and hinder the conduction of carriers between grains. 30, 31 As the temperature increases, the average energy of the carriers will be sufficient to overcome this energy barrier and hence leads to an increase in the electrical conductivity. However, at high temperatures, the transport process of the carriers is generally limited by acoustic phonon scattering. Meanwhile, the electrical conductivity of the in-plane direction (perpendicular to the SPS pressing direction) is about 75-60% (300-850 K) higher than the other direction, showing an obvious anisotropic behaviour (see ESI Fig. S3 †) . At 300 K, the electrical conductivity of n doped SnSe is comparable to that of 1% Ag doped SnSe hot pressed ingot of C. L. Chen et al. 12 Upon doping with Ag elements, s is enhanced markedly from 1112 S (Fig. 5b) . The result is in good agreement with the increase of carrier concentration, and evidenced by the Hall measurement results at 300 K for all samples listed in Table 1 . The temperature dependence of Seebeck coefficients exhibit ptype character with holes as the dominant carriers (Fig. 5b) . Moreover, the occurrence of a maximum in the Seebeck coefficient implies a contribution of bipolar effect in these samples.
The maximum Seebeck coefficient of pristine SnSe composite is approximately 321 mV K À1 at 700 K. The gradual decrease in Seebeck coefficient with increasing Ag dopants is consistent with the increase of Hall carrier concentration (Table 1) . A high power factor (PF) of about 634 mW m À1 K À2 was obtained in the 3% Ag doped sample at 850 K, which is 30-40% higher than the pristine SnSe composite (Fig. 5c) . The temperature dependence of thermal conductivity (k tot ) is shown in Fig. 5d . It is obvious that the thermal conductivity decreases with increasing temperature until $750 K. It is noticed that the C p has an upturn near 800 K, which is related to the structural phase transition at this temperature (see ESI  Fig. S4 †) . The conclusion also agrees with the reported results by Q. Zhang et al. and S. Sassi et al. 23, 33 Consequently the observed upturn of k tot at $800 K is attributed to the abovementioned structural phase transition from Pnma to Cmcm. The total thermal conductivity k tot is the combination of the electronic contribution k e and the lattice contribution k lat . The k e was evaluated from the Wiedemann Franz relation: k e ¼ sLT, where s, L and T are the electrical conductivity, Lorenz number, and absolute temperature, respectively. By tting the Seebeck coefficient data to the reduced chemical potential, a Lorenz number, L of 1.6 Â 10 À8 V 2 K À2 is obtained. The k lat is then obtained by subtracting k e from k tot . Because of the low electrical conductivity in these samples, the electronic contribution are almost negligible. The measured k tot practically reects the change of lattice thermal conductivity with temperature. No signicant dependency between k tot and doping level is observed at temperature below 600 K. Moreover, k tot for all samples decreases with temperature increase, and approximately follows the 1/T tting. The dominance of the Umklapp phonon scattering process is proposed to explain such low lattice thermal conductivities in (Ag x Sn 1Àx )Se nanocomposites.
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The temperature dependence of zT for (Ag x Sn 1Àx )Se nanocomposites are shown in Fig. 5e . The zT of the 3% Ag doped sample reaches a maximum value of 0.8 at 850 K, showing an approximately 40% enhancement over the pristine sample. Continuously increasing carrier concentration with increase of Ag content did not further increase zT. This is because of the lower Seebeck coefficient and the higher thermal conductivity. An appropriate Ag doping is essential to maximize zT by optimizing the electrical and thermal conductivity.
Conclusions
Nanocrystals of (Ag x Sn 1Àx )Se (0 # x # 0.05) were successfully prepared by a facile, surfactant-free, and cost-effective way, and pressed into dense pellets by spark plasma sintering. The crystal growth process and mechanism of SnSe nanocrystals were investigated through in-depth microstructure analysis. The atomic bonding and surface energy play important roles in the formation of nanocrystals. Furthermore, the dynamic structural behaviour of nanocrystals was investigated by in situ temperature dependent XRD. With Ag doping, the carrier concentration can be effectively enhanced from 0.5 Â 10 18 cm À3 to 9 Â 10 18 cm À3 . We found 3% Ag doping shows a maximum zT of 0.8 at 850 K, showing an approximately 40% enhancement over the pristine SnSe. The zT enhancement of Ag doped alloys is mainly attributed the enhanced power factor and slightly decrease of thermal conductivity at high temperature region of T > 750 K. Table 1 The Hall carrier concentration (n H ), mobility (m), electrical conductivity (s), Seebeck coefficient (S) and total thermal conductivity (k tot ) of (Ag x Sn 1Àx )Se for x ¼ 0, 0.01, 0.03, and 0.05 at 300 K 
